The various relationships that are possible between the mechanical properties of single actuators and the overall mechanism (in this case a human arm with or without a prosthetic elbow) are discussed. Graphical and analytical techniques for describing the range of overall limb stiffnesses that are achievable and for characterizing the overall limb stiffness have been developed. Using a biomimetic approach and, considering energetic costs, stability and complexity, the implications of choosing passive or active implementations of stiffness are discussed. These techniques and approaches are particularly applicable with redundant (agonist -antagonist) actuators and multiple degrees of freedom. Finally, a novel biomimetic approach for control is proposed.
Introduction
From an engineering point of view, many would define an ideal actuator as one that generates the desired response (motion or force) accurately and immediately. Most would also insist that the response of the actuator be linear. In practice, real actuators do not meet this ideal generally due to a mismatch in dynamic characteristics or due to power limitations. Typical applications use feedback to attempt to modify the performance to approach the "ideal". Another important characteristic assumed of "ideal" actuators is that they reject disturbances. For example, a velocity actuator will achieve the desired velocity no matter what force is opposing it or a force actuator will generate the required force no matter how fast it is required to move. That this can depend significantly on the task is demonstrated by considering that It is very difficult to push on a unrestrained ping-pong ball with a large force. The relationship between the force and motion is summarized as the mechanical impedance of the device. In a simple case where the relationship is between force and position the impedance becomes a stiffness. The typical engineering approach is also to use one actuator for each degree of freedom and to arrange the design so that the degree of cross-coupling between different degrees of freedom is minimized.
In the biological world actuators are generally muscles and muscles are not in any of the above ways ideal. They are highly nonlinear and the relationship between the input "command" neural signals and the resulting changes in the muscle are highly complex. To further complicate the situation, muscles most often work in situations where they are redundant, that is where more than one muscle may accomplish a given objective. Muscles are unidirectional actuators and therefor generally work in opposition about a joint in agonist -antagonist pairs. Despite these numerous complexities, the human arm has capabilities and a general level of mechanical performance far in excess of any practical robotic replacement (a prosthetic limb). Prosthetic limbs can lift loads up to approximately 10 lbs and can move from one extreme to the other, approximately 135 degrees in about 1 second. The human arm can lift more, lift it faster and interact with complicated dynamic situations.
Our biomimetic approach to prosthetic limb (or robotic arm) design involves resolving design issues around the use of multiple, low impedance, nonlinear actuators acting around a joint or joints in a limb (or robotic arm). It is important to have a clear understanding of the complex relationship between the configuration of these actuators and the mechanical performance of the limb (or robotic arm). The results help to clarify our understanding of the mechanical issues in limb or robotic arm design and in understanding the biological solution to this design challenge -the human arm (see for example, Beer et al [1] ).
Compliant Actuators
Compliance (the inverse of stiffness) is present in all physical actuator systems as the mechanical components in the drive train deflect under the applied loads. The deflection may be entirely described as a relationship between load and displacement or the situation may be more complex including, for example, loads that depend on rates of displacement. An actuator may be considered compliant or "stiff" in a given application if its deflection under load from its equilibrium position can be neglected or if its dynamics (as characterized, for example, by its natural frequencies) are far from being excited by the range of frequencies required for its operation. A given actuator system may be compliant or not compliant depending on its use and the tasks assigned to it. There are two main sources of compliance, or in general impedance, in an actuator system. Active feedback control can modify the dyanmics of a system to give it the appearance of being compliant. In this case mechanical elements are not the source of the compliance (for example, see [21, 15, 35] ). Alternatively passive mechanical elements can be used to introduce significant stiffness into the drive train. We are interested in the second method for this research [8] .
Benefits from the Use of Compliant Actuators
Typical industrial robots are generally used in hot or hazardous environments, where heavy lifting is involved [2] . These robots are rigid and heavy which makes them unreasonable for many new applications. Low stiffness is important when a manipulator must interact with delicate or easily damaged objects, such as food. Also, when a robot is working in unstructured environments, compliance allows it to have controlled contact and interaction with rigid objects [23] . Stiff robots are not safe for interaction with human beings, due to the large, strong actuators used and the instabilities that can occur upon interaction, collision or failure of a component [29] . With elasticity, smooth rapid movements are possible and collisions are less serious due to the ability of the robot to absord energy in the springs, while without elasticity, robots are heavy and clumsy [20] .
In several robotic applications direct interaction with humans is essential. The particular application used in this research is that of a prosthetic arm. In this application, size, weight and energy supplies are severely limited. Compliant actuators provide increased energy efficiency [19, 25, 30, 32] as well as reduced weight and cost [34] . Commercial prosthetic designs generally have not incorporated compliance, due to control challenges as well as space limitations. The few research based devices that do, however, have the goals of energy efficiency, low weight, and more natural movements [17] . A low stiffness prevents undesirable transmission of shock and vibration to the rest of the musculoskeletal system [14] . A critical goal of the amputee is to regain movement that appears "normal". It is, therefore, imperative for them to include muscle like, compliant actuators in order for them to move as naturally as possible [6, 7] .
Compliance can be incorporated into actuators in a number of ways. The two central methods are with springs and with pneumatic actuators, both in series or in parallel. There are many designs using artificial muscles called McKibben, rubbertuators or Soft Arms, which are pneumatically driven [5] . Other methods used are hydraulic cylinders, fluidfilled bladders, pneumatic bladders, shape memory alloys [8] and ultrasonic motors [22] . Despite the above reasoning supporting the use of compliant robots, the lack of compliant actuators with acceptable performance and a lack of adequate controller architectures and computer techniques needed to take advantage of such actuators, means that progress is slow [28] .
Compliant Joints using Antagonist Actuators
Agonist-antagonistic actuators are located so that the agonist actuator acts to move the joint in one direction and the antagonist actuator acts in the opposite direction in a configuration analogous to muscles in a limb. This design is biologically inspired (eg. biceps and triceps) -generally the actuators need only act in tension and the net stiffness can be varied. Examples of these are found extensively in the previously mentioned areas of robotics, in arms, legs and fingers as well as in a limited number of prosthetic designs [5, 16, 19, 20, 29, 30, 31] . The main actuators used are springs and pneumatic artificial muscles, the most prominent being the pneumatic actuators. The design of the elbow prosthesis discussed in this paper uses antagonistically arranged, nonlinear springs as its compliant actuators.
Antagonist actuators for a forearm prosthesis Koganezawa et. al. [17, 18] have done extensive research on using antagonistic muscle type actuators for use in robotics. Koganezawa has also applied this phenomenon to prosthetic limbs [16] . His earlier design uses AMAs (antagonistic muscle-like actuators) as an approach to imitating a skeletomuscular articulation system. It consists of 2 nonlinear conical springs, one DC motor which drives ball-screws and a pulley for the joint. Co-activation between the two nonlinear springs provides stiffness adjustment at the joint. For simplicity it is assumed that the springs are identical. Advantages of the antagonistic design include, a wide-range of joint stiffness regulation as well as reduction of backlash, an increased range of motion, wear compensation and the option of positioning the actuators remotely. The example application chosen was a forearm prosthesis with 6 degrees of freedom, 2 for the wrist and 4 for the fingers. It was concluded that simultaneous angular velocity feedback to both muscles, which is analogous to the stretch reflex in humans, is a successful method of damping [16] . A new elastic element is proposed in a second paper by Koganezawa called a NonLinear Elastic Module (NLEM) which overcomes drawbacks of the previous model. These include the difficulty to design specific nonlinear springs as well as the volume required to house the conical springs. NLEM is constructed with a torsion spring rolled around a guide rod which is aligned with the motor axis. A basic formula for controlling the stiffness and position of the end-point independently is derived and tested. It is found that the experimental results corresponded closely to theoretical results [17, 18] .
Other applications based on compliant actuators include the design of orthotic devices [13] ; improving the capabilities of walking robots [24, 33] ; a bionic robot arm driven by electric motors [20] ; "CARL" which is a compliant articulated robot leg for dynamic locomotion [19] ; and a biped walking robot [31, 32] .
Design Issues

Mechanics of Single Joints Driven by a Single Actuator
Motor mechanics Electric motors operate by creating a rotating electromagnetic field. The overall performance of the motor is summarized in the torque constant (or the equivalent voltage constant) which relates the current in the windings to the torque generated between the stationery case (stator) and the rotating shaft (rotor). At this level the motor acts as a transformer that changes electric energy into mechanical energy. This operation is summarized in Figure 1 [4] . As shown in the figure the motor can either transmit power from the electrical side to the mechanical side (the region labeled "Motor") or can absorb mechanical power (the region labeled "Generator"). The power may be dissipated in the motor windings (Overhaul Type I) or transmitted out of the electrical port (Overhaul Type II). The practical limits (such as the thermal toque limit) can also be shown on this diagram. Plotting simulation results on a diagram such as Figure 1 can greatly aid in gaining an understanding of the demands placed on the motor and in choosing between various design alternatives. We have also extended the use of this diagram to include the additional complexities that result from the use of transmissions (both backdrivable and nonbackdrivable) [4] . At a more detailed level, the rotating electromagnetic field interacts with magnets (commonly) fixed to the body of the motor causing the motor to rotate. The natural dynamics of the motor fundamentally relate to the interaction of these two fields which behave like "virtual gear teeth". If a large torque is transmitted the two fields interact more strongly. There is, however, a maximum force that the fields will transmit which depends on the geometry. When the applied torque exceeds this value the "virtual gear teeth" slip. It is also possible to observe the effects of the interaction of these fields by carefully observing the torque output of a motor under load. Even with constant input current (meaning constant torque) a "torque ripple" that results from these "virtual teeth" approaching and separating from each other.
In almost all circumstances motors are chosen to have excess torque capabilities so that this slipping does not occur. In this case the dominant features of the motor dynamicss result from losses and inductance in the windings (typically a high frequency effect) and from the inertia of the rotating elements. However, in cases like prosthesis design where weight is a significant issue motors are often pushed to their limits and torques in excess of the maximum torque that can be sustained by the windings are encountered. The resulting "slipping" commonly results in a load squealing sound.
Using Feedback to Modify the DynamicsLimitations and Energetic Cost
When it is necessary to modify the mechanical characteristics of a robot to improve its ability to interact with challenging environments the standard approach is to use position and/or force sensors to drive a feedback loop. In this way, a strong motor may appear to behave like a soft spring by, for example, measuring the position of the limb and responding with a force that is proportional to the deflection of the limb from a desired equilibrium position (a classical proportional controller). This approach is of course limited by the performance limitations of the motor but within these limitations the system characteristics can be altered without changing the physical design by modifying the controller constants. It is also achieved at the cost of increased complexity as sensors and control electronics must now be added to the device.
Another result of using feedback to modify the dynamic characteristics of a device is that there may be substantial energetic costs. For example, a real physical spring stores energy when is deflected, maintains a force on the disturbing agent without energetic cost and returns the original energy when the deflection is reduced. However, a robot that is controlled to appear to the environment as a spring requires energy to respond appropriately when it is deflected, requires a constant flow of energy to maintain a deflection, and requires further additional energy in order to return to its equilibrium position. These are real reasons to investigate what may be achieved by the use of physical springs to generate stiffness.
Gear Train Mechanics
In order to gain this energy benefit using the physical springs shown in Figure 2 the motors must be able to lock their position to avoid expending the constant flow of energy required to maintain the desired force on the motor end of the spring. This may be achieved by the use of a clutch but in this case we have investigated the use of locking or nonbackdrivable gear sets to achieve this function. The classic nonbackdrivable gear set is the worm gear -worm wheel combination. However, no matter how this nonbackdrivable characteristic is achieved it is a result of the geometry of gear tooth contact and the level of friction. Therefore, in order to achieve the benefit of a steady state stiffness with zero energy cost the mechanism will have increased friction when it is in motion. A figure of merit has been developed that represents the ratio of time spent in static support of a load with low stiffness (with the transmission locked and the actuators turned off) to the time spent in motion [3] . The results show that if the time spent with the transmission locked is 1.93 times the time that the arm spends moving then there is an energetic benefit to this approach. Anecdotal evidence suggests that amputees spend a considerable amount of time using their prosthetic limbs as a stationary support and therefor this application may meet this criteria. However, as prosthetic limbs advance in dexterity this may change. In some applications, a further advantage may be gained by using nonbackdrivable gear reductions on the motors so that power to the motors can be elliminated when the springs are all that is required to satisfy the performance requirements of the joint.
Mechanics of Single Joints Driven
by an Agonist-antagonist Actuator Mechanics Figure 2 shows the basic configuration of two musclelike actuators acting around a joint. In this scenario there are now two actuators acting around a single degree of freedom. When both actuators act to move the joint in the same direction motion will occur but when the actuators act to produce equal and opposite torques the joint remains stationary. In this case the stiffness elements change length and, if they are nonlinear the net stiffness of the joint will change. Other configurations of springs and two actuators can be found that also allow this feature [8] .
Net Joint Mechanics In a design situation it is necessary to develop criteria on which to base a selection of the nonlinear springs. Many are possible. From an analytical point of view one of the most appealing is to choose the spring stiffnesses so that the net stiffness of the joint is linear with respect to its angular displacement. It has been shown [10] that this is possible and that in order to achieve this the spring functions must be quadratic:
In this equation, K M ax and K M in are the maximum and minimum joint stiffnesses, δ pos is the maximum stretch of the spring, R is the radius of the line of action of the spring force about the center of rotation of the joint, and φ is the spring force which is a function of the deflection of the spring, δ.
However, the need for this is not clear. In fact, from examining the properties of muscles, many seem to have stiffness characteristics that are far different from the "ideal" quadratic stiffness given in Equation 1. In using the quadratic stiffness elements defined here it is also critical to incorporate the real design limitations placed on performance due to the practical limits on the lengths of the springs and, depending on whether or not cables are used in the design, that the springs must remain in tension. If so, the range of deflections is constrained according to Figure 3 . Care must be taken in working with the relationship between the individual spring stiffness functions and the net joint stiffness in an agonist -antagonist configuration as some conclusions that may seem intuitive are unfounded. For example, it is not necessary for the individual joint springs to be hardening (increasing in stiffness with deflection) for the net joint stiffness to be hardening. Efficiency gains due to the use of a low stiffness during interaction. By using a configuration that allows the stiffness level to be effectively varied it is possible for the amputee (or user) to choose a level of stiffness in order to improve performance. In the case of interacting with a rigid movement constraint (for example opening a drawer) it has often been shown that it is energetically more efficient to apply forces in a direction in which no motion is allowed. This is a result of the fact that no work is done by these forces and that, in general, the most efficient direction in which a manipulator can generate a force does not correspond to a particular task. Commercial prosthetic limbs which generally have high levels of stiffness are incapable of taking advantage of this. In fact, it has been calculated that a limb with low stiffness may be on the order of 20 times more efficient at such tasks [25] .
Joint
It is important to note that while the configuration explored in this paper is more similar to the biological case than the typical robotic drive, it is not identical. In the biological case the stiffness of a muscle changes with muscle activation. From a modeling point of view the force generating and stiffness elements are continuously distributed in the muscle fibre. An increase in muscle activation causes a resulting change in the properties of the muscle (including stiffness). As a result the net stiffness of the joint(s) about which the muscles act becomes changes (see Figure 4) . The configuration in this paper achieves a change in stiffness by moving the equilibrium position of the spring. When the equilibrium positions of the springs are moved away from the joint they opreate in a region of higher stiffness ( Figure 5 ). Limitations of the Design While this design is based on the biological model, it does not capture many of the features of the biological model that may be important. First, the actuator systems used in the design separate the energetic input (the motor) from the stiffness component (the spring).
In the biological case these functions are effectively continuously distributed throughout a muscle. This means many of the particular mechanical properties of the muscle are not captured in this design. Further, it is also interesting to note that the energy flows are simple in the proposed design while in a muscle complex biochemical processes mean that the same amount of metabolic energy does always produce the same level of muscular work.
The chosen design does have some benefits over the typical robotic approach. By using real springs it is no longer required that the motor be backdrivable. Large forces (including impact forces) have a minimal effect on the motor as the energies that are involved can be stored / supplied from the conservative physical elements in the system (including in a dynamic situation, the mass of the limb). An actuator system that is backdrivable generally uses a large high-torque, direct-drive motor or uses a smaller higher speed motor with a large gear reduction. Limitations in performance in the robotic case arise from the generally larger size of a torque motor or from the limitations on gear trains that remain backdrivable. In this biomimetic design, a high speed motor may be used with a large gear ratio reduction and still present a low stiffness to the environment.
Mechanics of Limbs with Compliant Joints
When this type of actuator design is proposed for use in a multi-joint manipulator several new issues arise. In the case of using this design for an elbow prosthesis there are several significant differences between the amputated limb / prosthesis combination and a healthy limb. The focus of this research has been on the relationship between stiffnesses in various parts of the system. The particular concern in the elbow prosthesis was to determine if the stiffness effects of the intact limb could be duplicated by the limb-prosthesis combination despite the lack of the two joint muscles (biceps and triceps).
A detailed analysis of the system shown in Figure  6 was performed. The results indicated that in general the intact limb with the two-joint muscles could generate a greater range of possible stiffnesses at the hand than could the limb with the prosthesis [11] . In the process of performing this analysis several interesting relationships between the actuator stiffnesses and the limb stiffnesses were discovered. In particular, a method for representing the two-joint stiffnesses as an equivalent single joint stiffness was found [27] (see Figure 7 ). Figure 6 : Stiffnesses in the model limb. The stiffness of the hand was investigated in terms of six individual stiffness elements placed in positions analogous to the primary muscles involved in arm motion.
Another interesting result of the analysis relates to the contribution to the overall "hand" stiffness from geometric effects [12, 9] . The stiffness of the hand can be written as:
In this equation, K is the stiffness matrix; F x , F y , x and y are the vector components of the endpoint force and displacement; J is the Jacobian matrix; Figure 7 : A four bar linkage with equivalent "hand" stiffness to a limb. This linkage does not require two-joint stiffness elements.
Ψ is a matrix containing the stiffnesses of the individual stiffness elements; θ is a vector containing the joint angles and M is a vector of joint moments. The second term in the equation represents the effects of changing geometry on the joint stiffness. It can, under reasonable choices of position and force that correspond to activities commonly performed by the human limb, be unstable. In fact, it can contribute enough unstable stiffness to the overall stiffness, K, that the limb becomes unstable and will move to an alternate equilibrium position.
A Biomimetic Controller
One of the major areas of future work in this project is to clarify appropriate methods of controlling robots and prosthetic limbs with multiple redundant controllers. The ability of the human arm to interact with complex unknown dynamic environments demonstrates that solutions to this control problem that do not rely on detailed knowledge or measurement of the dynamic environment are possible. Preliminary work on a controller for this type of system [26] is based on an interpretation of the basic neural system used to control muscles in the human arm. A schematic of this layout is shown in Figure 8 Inter From an engineering point-of-view there are a number of interesting features to this configuration. One is the duplication of control input signals (alpha and gamma). The usual explanation is that the gamma control signal is there to keep the spindle at it's optimal length for measuring the muscle kinematics. In developing a biomimetic approach to the control of systems with multiple, redundant, compliant actuators a novel interpretation of this network was adopted. Based on the assumption that the body would not use two separate nerve signals when one would be sufficient, we surmised that the gamma signal may contain an intentional perterbation from the main alpha control signal. The spindle fibres contribute little to the overall force of the muscle so the effect of this perterbation on performance would be minimal. With this perterbation in place we hypothesize that the signal returning from the spindle would contain information on any benefits that might have been achieved by the perturbed signal. Simulations of this type of control system have been performed and show that it can be structured so that the efferent signal has a continual tendency to reduce the muscle output and that feedback from the results of the perturbed signal successfully reinforces the perturbations which actually increase the work done by the muscle. In other words, this architecture attempts to use the perturbed signal to provide information that allows for a local optimization of the work done by the muscle. The simulations show that in the presence of an external agent or other actuators, the work done by the muscle is reduced. Significantly more work on this control architecture is the topic of future research efforts.
Conclusions
This work on applying biomimetic design approaches to the design of prosthetic limbs has generated results in a number of areas. A novel design for a prosthetic limb with many promising features and improved performance has been developed. Issues addressed in the design have provided insight into an increased understanding of the contributions of two-joint muscles, particularly in terms of the overall limb stiffness. The existence of unstable configurations for the limb as a result of the geometric components of stiffness suggest that systems like this, perhaps including the human limb, may not be stable without an active control system. Finally a novel approach to controlling these systems has been proposed.
